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SYSTEMS AND METHODS OF WIRELESSLY
DELIVERING POWER TO A
WIRELESS-POWER RECEIVER DEVICE IN
RESPONSE TO A CHANGE OF
ORIENTATION OF THE WIRELESS-POWER
RECEIVER DEVICE

RELATED APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 17/216,474, filed Mar. 29, 2021, entitled
“Systems And Methods Of Determining A Location Of A
Receiver Device And Wirelessly Delivering Power To A
Focus Region Associated With The Receiver Device,”
which 1s a continuation of U.S. patent application Ser. No.
15/912,520, filed Mar. 5, 2018 (now U.S. Pat. No. 10,965,
164), entitled “Systems And Methods Of Wirelessly Deliv-
ering Power To A Receiver Device” (the “Parent Applica-
tion”) which 1s a continuation-in-part of U.S. patent
application Ser. No. 13/891,399, filed May 10, 2013 (now
U.S. Pat. No. 9,912,199), entitled “Receivers for Wireless
Power Transmission,” which claims priority to U.S. Provi-
sional Application No. 61/668,799, filed on Jul. 6, 2012,
U.S. Provisional Application No. 61/677,706, filed on Jul.
31, 2012, and U.S. Provisional Application No. 61/720,798,
filed on Oct. 31, 2012. Each of these applications 1s hereby
incorporated by reference 1n 1ts respective entirety.

This Parent Application 1s also a continuation-in-part of

U.S. patent application Ser. No. 13/891,445, filed May 10,
2013 (now U.S. Pat. No. 10,103,582) entitled “Transmitters
for Wireless Power Transmission,” which claims priority to
U.S. Provisional Application No. 61/668,799, filed on Jul. 6,
2012, U.S. Provisional Application No. 61/677,706, filed on
Jul. 31, 2012, and U.S. Provisional Application No. 61/720,
798, filed on Oct. 31, 2012. Each of these applications 1s
hereby incorporated by reference 1n its respective entirety.

BACKGROUND

People are increasingly relying on electronic devices to
perform aspects of everyday life. As an example, many
people spend a majority of their day interacting with a
computing device, such as a smart phone or tablet computer,
in order to obtain information and communicate with others,
among other such tasks. The frequent use of these devices
can require a significant amount of power, which can quickly
drain a battery for devices such as portable computing
devices that have relatively small battery lives. A user then
must often plug in the device to recharge, which can limit the
usetulness of the portable device. Further, a user first has to
locate a free outlet, which might be diflicult in at least some
locations. If a user forgets to plug 1n or otherwise charge a
device, the device can run out of power and then be of no use
to the user until the user 1s again able to charge the device.
For frequently used devices, such as remote control units for
older electronics or gaming controllers for older systems, the
batteries might run out of power in between uses, which can
be frustrating for a user.

There have been various approaches to minimizing the
impact of the charging needs of these devices. In some cases
the devices have replaceable rechargeable batteries, such
that a new set of batteries can be used if the current set runs
out of power. Such an approach requires a user to carry
around extra batteries, and also ensure that these extra
batteries are charged. Some approaches involve a mat or pad
that 1s able to charge a device without physically connecting,
a plug of the device, but such an approach still requires the
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device to be placed 1n a certain location for a certain amount
of time 1n order to charge, which limits the improvement
over physical power connections. Even for devices that do
not run from battery power, the need to place these devices
within a distance of a power outlet or other such component
can limit the usefulness or tlexibility of these devices. As
users continue to use these devices, and as the number and
type of devices grow, there 1s a desire to improve the way 1n
which power can be delivered to these and other such
devices.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the present mnvention may be more clearly
ascertained, some embodiments will now be described, by
way ol example, with reference to the accompanying draw-
ings, in which:

FIG. 1 illustrates a situation in which power can be
delivered wirelessly 1n accordance with one embodiment;

FIG. 2 illustrates an example of a receiver that can be used
in accordance with various embodiments:

FIG. 3 illustrates an example transmitter that can be used
in accordance with various embodiments;

FIG. 4 illustrates a first recerver configuration that can be
used 1n accordance with various embodiments;

FIG. 5 1llustrates a second receiver configuration that can
be used 1n accordance with various embodiments;

FIG. 6 1llustrates a third receiver configuration that can be
used 1n accordance with various embodiments;

FIG. 7 illustrates a fourth receiver configuration that can
be used 1n accordance with various embodiments;

FIG. 8 1llustrates a novel flat panel antenna array design
that can be utilized 1n accordance with various embodi-
ments;

FIGS. 9A-9C 1illustrate example logical schematics for
implementations of a flat panel antenna array such as that
illustrated in FIG. 8, which can be utilized in accordance
with various embodiments;

FIG. 10 illustrates a receiver built into a computing device
that can be utilized 1n accordance with various embodi-
ments;

FIG. 11 illustrates a battery with a built-in receiver that
can charge wirelessly while contained 1n a computing device
that can be utilized 1n accordance with various embodi-
ments;

FIG. 12 1llustrates an example of an attachment that can
be used to wirelessly receive power to a computing device
that can be utilized in accordance with various embodi-
ments;

FIG. 13 illustrates an example transmitter configuration
that can be used 1n accordance with various embodiments;

FIGS. 14A and 14B illustrate example power delivery
approaches that can be used 1n accordance with various
embodiments;

FIG. 15 1llustrates an example transmitter configuration
that can be used 1n accordance with various embodiments;

FIG. 16 illustrates a transmitter built into a computing,
device that can be utilized in accordance with various
embodiments;

FIG. 17 illustrates a transmitter built into a battery pack
that can be utilized 1n accordance with various embodi-
ments;

FIGS. 18-19 1llustrate examples of an attachment that can
be used to wirelessly transmit power from a computing
device that can be utilized in accordance with various
embodiments;
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FIGS. 20A-20B 1llustrate example antenna panel configu-
ration that can be used 1n accordance with various embodi-
ments; and

FIG. 21 1illustrates an example antenna panel configura-
tion that can be utilized 1n accordance with various embodi-
ments.

DETAILED DESCRIPTION

Embodiments described in accordance with the various
embodiments overcome at least some of the aforementioned
and other deficiencies 1n conventional approaches to power
delivery. In particular, various embodiments enable power to
be delivered wirelessly, without the need for a physical
connection between a source and a recipient of the power
delivery. In at least some embodiments, a transmitter can be
used that includes two or more antennas 1n communication
with control circuitry and/or components. The transmitter
can utilize an approach such as “beamiorming” to direct a
signal, such as a radio frequency (RF) signal, in a deter-
mined direction. The transmitter can also utilize the antennas
to determine the location of a receiver of the power trans-
mission, 1n order to determine how to adjust the antennas to
deliver the power to the appropriate location, as well as to
determine how to “form” the beam 1n order to provide for an
appropriate amount of focusing of the signal, such as may
correspond to a size of an antenna array of a recerver of the
target device.

The power can be received by a receiver component,
which can be part of, connected to, or separate from a device
to be powered. The receiver can include one or more
antennas for receiving the signal from the transmitter, and
components or circuitry useful in converting the signal into
power for powering a device, charging a battery, or per-
forming another such function. The receiver can communi-
cate with the transmitter using the antennas, and in at least
some embodiments each can also include at least one
wireless communication component for communicating
information over a sideband channel. Such an approach can
help the transmitter to ensure that power 1s being delivered
to the appropriate device, and that the device (or user of the
device) 1s “authorized” or otherwise has permission to
receive power from the transmitter. Further, the transmitter
can receive information about a current battery state or
power level from the device, for example, and can deliver
power only when power 1s necessary. The ability to transmit
power only when power 1s needed and where 1t 1s needed can
help to improve the overall efliciency of the power delivery
system.

Various other functions and advantages are described and
suggested below as may be provided 1n accordance with the
various embodiments.

Approaches 1n accordance with various embodiments can
take advantage ol one of a plurality of advanced power
communication antenna designs. These designs can be
implemented on any appropriate device that relies on power
for at least a portion of its operation or mtended function,
such as may include a smart phone, a tablet computer, a
television remote, or a chuld’s toy, among many other such
devices.

As an example, FIG. 1 illustrates an example situation
100 wheremn a notebook computer 102 1s connected to a
receiver 104 including an antenna array that 1s configured to
receive a transmitted signal from a transmitter 106, which
also includes an array of antennas 108. The array in this
example includes a plurality of “flat” elements with one or
more desired polarizations, including vertical pole, horizon-
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tal pole, circularly polarized, left hand polarized, right hand
polarized, or a combination of polarizations. The receiver
104 for the notebook computer 102 can be embedded 1n the
computer, such as may be contained behind a screen of the
notebook, attached to a back of the notebook computer, or
connected to the notebook computer as part of a separate
component, among other such options. Since the array is
associated with a portable device in this situation, the
receiver will be referred to as a mobile receiver 104. The
mobile receiver 1n this embodiment can communicate with
the notebook computer over a wired or wireless connection,
as discussed elsewhere herein. In at least some embodi-
ments, the receiver can communicate with the notebook to
determine a current power level of the device, as well as to
obtain other information such as a type of device, device
identifier, user identifier, and the like. As discussed, any
appropriate electronic device can be used with receivers
discussed herein, and the notebook computer 1s just one
example of this type of device, as may also include smart
phones, remote controls, toys, tablet computers, media play-
ers, gaming systems and controllers, and the like. Further,
while the mobile receiver 102 1s 1llustrated as communicat-
ing with a power transmitter 106, it should be noted that
communications with any viable target are equally possible.
This can include, for example, other mobile devices or other
mobile platiforms.

The antenna of the mobile receiver 104 can include one or
more antenna elements as discussed herein, which can
include at least one omni-antenna, directional antenna, array
ol antennas, or flat paneled system. In some embodiments,
novel flat panel systems are usable, as will be discussed in
greater detail below. Regardless of the type of antenna used,
a directional beam 110 can be directed from the transmitter
106 to the receiver 104. Directionality can be accomplished
through any appropriate mechanism, as may include physi-
cal geometry (i.e., parabolic dish) or through signal rein-
forcement/interference (1.e., beamiorming). The term
“beamiorming” derives from the fact that early spatial filters
were designed to form pencil beams 1n order to receive a
signal radiating from a specific location and attenuate sig-
nals from other locations. “Forming beams™ seems to indi-
cate radiation of energy; however, beamforming 1s appli-
cable to erther radiation or reception of energy.

Systems designed to receive spatially propagating signals
often encounter the presence of interference signals. IT the
desired signal and interferers occupy the same temporal
frequency band, temporal filtering cannot be used to sepa-
rate signal from interference. However, the desired and
interfering signals usually originate from different spatial
locations. This spatial separation can be exploited to sepa-
rate signal from interference using a spatial filter at the
receiver. Implementing a temporal filter requires processing,
of data collected over a temporal aperture. Similarly, imple-
menting a spatial filter requires processing of data collected
over a spatial aperture.

In some embodiments, a beamformer linearly combines
the spatially sampled time series from each sensor to obtain
a scalar output time series in the same manner that an FIR
(finite 1mpulse response) filter linearly combines temporally
sampled data. Spatial discrimination capability depends on
the size of the spatial aperture; as the aperture increases,
discrimination 1mproves. The absolute aperture size 1s not
important in at least some embodiments, rather its size 1n
wavelengths 1s an 1important parameter. A single physical
antenna (continuous spatial aperture) capable of providing
the requisite discrimination 1s often practical for high fre-
quency signals since the wavelength 1s short. However,




US 12,057,715 B2

S

when low frequency signals are of interest, an array of
sensors can often synthesize a much larger spatial aperture
than that practical with a single physical antenna. Note each
composite antenna represents a sensor in some embodi-
ments.

A second very significant advantage of using an array of
sensors, relevant at any wavelength, 1s the spatial filtering
versatility offered by discrete sampling. In many application
areas 1t 1s necessary to change the spatial filtering function
in real time to maintain effective suppression of interfering
signals. This change 1s easily implemented 1n a discretely
sampled system by changing the way in which the beam-
former linearly combines the sensor data. Changing the
spatial filtering function of a continuous aperture antenna 1s
impractical.

Beamforming takes advantage of iterference to change
the directionality of the array whereby constructive inter-
ference generates a beam and destructive interference gen-
erates the null space. If one 1ssue of current communication
antennas on mobile platforms 1s the inherent cost, bulk and
unreliability of moving mechanical bases, 1t can be desirable
to use and be able to change the direction in which RF
emissions radiate using non-mechanical means. Beamform-
Ing using a smart antenna array, during transmission, 1S
accomplished by controlling the phase and/or relative ampli-
tude of the signal at each transmitter, in order to create a
pattern of constructive and destructive interference in the
wave front. Similarly, when receiving, information from
different sensors 1s combined 1n such a way that the expected
pattern of radiation 1s preferentially observed (null steering).

The ability to beamform in this manner requires a mini-
mum of two antennas in the antenna array. This direction-
ality benefit of beamforming has been known generally by
those skilled 1n the art for some time. In general, beamform-
ing may be accomplished 1n a number of ways, as known by
those skilled in the art. For an example of a particular
method of implementing directional beamforming, see: B.
D. V. Veen and K. M. Buckley. Beamforming: A versatile
approach to spatial filtering. IEEE ASSP Magazine, pages
4-24, April 1988.

An additional example of the mathematics behind beam-
forming may be found 1n the article by Michael L.eabman
entitled “Adaptive Band-Partitioning for Interference Can-
cellation in Communication Systems,” Massachusetts Insti-
tute of Technology Press, February 1997.

Most array literature specifies spatial dependence 1n terms

of “angles™ which 1s intuitive. It 1s also possible to define the

. = L. . .
wavenumber variable k which 1s a spatial vector in terms of

Euclidean space, where, Iﬁlzw/c, ® being the radian fre-
quency, (27tf), and ¢ being the propagation speed in free

space. Thus X l=w/c=2xf/c=2rt/h has dimensions of
1/length, where the wavelength A=f/c, and ¢=3*%10° m/s for

radio waves. While the standard angular representation does
describe the response over the region for all real signals, the
full wavenumber space, or ‘virtual’ space, 1s more useful 1n
analyzing the consequences of spatial aliasing.

Now consider an array of N elements sampling an area of
space where the element locations are governed by

[E:J:l, . . . , NJ. The output from each sensor 1s input to a
linear, time 1nvariant filter having the impulse response
w.(T). The outputs of the filter are summed to produce the
output of the array y(t),

N -
y() = Z‘f w;i(t — 1) X(T, Ef)d*r

i=1 ¥

5

10

15

20

25

30

35

40

45

50

35

60

65

6

Using the Fourier representation for a space-time signal,

a plane wave x(t, ;i) of a single frequency may be repre-

sented by a complex exponential in terms of a radian

—
frequency w, and vector wavenumber k:

N o r ! r-.—} r
= Z f w; (e 7 e IR eI g’ where T =
=1 v

N i e
_ wa(w)g}(mr—k-zf)
=1

letting,

W (w) = and

becomes p(t) = W (w)E(k)e’

where W(m, f)zW“L(m)E(k) 1s the frequency wavenumber

response. The frequency wavenumber response evaluated

=
versus direction k, 1s known as the beampattern,

—

B(a(0, ¢)) = W(*’”= k)‘k:%ﬂ(&@!

where a(0, @) 1s the unit vector in spherical coordinates.

The most widely used array, suitable for some embodi-
ments, 1s a linear uniformly weighted array with N elements
and an inter-element spacing of Az. Note such an array 1s
used by way of example, and other array designs are
considered within the scope of various embodiments.

If a frequency independent uniform weighting of 1/N 1s
used, a frequency wavenumber response 1s arrived at:

_ L
S1n ::{kz —)
2

, Az
SIN c{kg —)

where k-a, =k, =

2
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Evaluating for k_=Iklsin(})=sin({2), where (®) is defined
with respect to the angle to the z axis, a beampattern 1s
calculated as:

L
sSin ::?(Z:r'r sin(ﬂ)ﬁ)
Blw, 8) = Ay’ where
. 5 sin(g) o2
sin :z?( 7 sin(f) QPL]
L =NAz

In some embodiments, combinations of beams and nulls
may be utilized 1n order to increase gain 1n the target axis,
while reducing the effective (or equivalent) i1sotropic radi-
ated power (EIRP) 1n off axis angles. With more antennas on
the array the number of beams/nulls 1s extendable to meet
any specialized requirements.

In order to transier power using a beamforming (or other
such) approach, an example system includes at least one
transmitter and at least one receiver. A component level
example of a receiver 200 is illustrated 1n FIG. 2. As
discussed, the receiver includes at least one antenna element
204 operable to receive a signal of the desired wavelength.
The antenna typically will be contained in some type of
housing 202, which can include a housing dedicated to the
receiver or a housing of an electronic device, where the
receiver 1s embedded 1n the device. Other such configura-
tions can be utilized as well. The housing can be made of any
appropriate material, such as a plastic, hard rubber, or other
such material that enables transmission of the signal to be
received. The receiver can also include, internal or external
to the housing 202, at least one rectifier 206 and at least one
converter 208. The rectifier 206 can include any components
known or used for such purposes, as may include at least one
diode, capacitor, and resistor, among other such options. The
rectifier 1s configured to convert the signal (e.g., an RF
signal) received by the antenna 204 into a voltage (e.g., DC).
Conventional or novel rectifiers can be used for such pur-
poses 1n various embodiments. In some embodiments, as
discussed elsewhere herein, the receiver can include mul-
tiple antennas and/or rectifiers 1n order to increase perfor-
mance and efficiency, as well as to enable the receiver to
scale 1n capacity.

The receiver in this example can also include at least one
converter 208, such as a DC-to-DC converter, that enables
the receiver to output or provide the intended voltage. In one
embodiment the receiver puts out a voltage 1n the range of
about five volts to about 40 volts, while in other embodi-
ments a receiver can output down to a quarter of a volt or
less, or up to hundreds or even thousands of volts or more
using scaling approaches discussed and suggested elsewhere
herein. The converter 1n this example can take any power
coming from the rectifier 206 and ensure that five volts are
being output, such as to a battery 212 for charging. As
discussed elsewhere herein, it should be understood that the
power can be output to any appropriate device, system,
component, or service, and 1n some embodiments can be the
sole power source for an electronic device that might not
include a dedicated battery or power source. Other such
options can be used as well.

In some embodiments, the receiver can use the antenna(s)
204 to communicate with a transmitter, such as by “chirp-
ing” or generating a short signal (e.g., RF) that can be
received by a transmitter or other such device. In some
embodiments, the receiver can additionally (or alternatively)
utilize at least one communications component 210 in order
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to communicate with other devices or components. The
communications component can be internal or external to
the housing, and 1n some embodiments the receiver can
leverage at least one communications component of a device
to which the receiver 1s connected, or into which the receiver
1s embedded, among other such options. In at least some
embodiments the communications component 210 enables
the receiver to communicate using a wireless protocol. The
wireless protocol can be a proprietary protocol, or 1n at least
some embodiments can utilize a known or conventional
wireless protocol 1n order to enable the receiver to commu-
nicate with additional types of devices. For example, the
communications component can enable the receiver to com-
municate over a Bluetooth® channel, Wi-Fi1, ZigBee, etc. As
mentioned, the communications component can be used to
transfer information such as an identifier for the device or a
user of the device, and can also be used to transfer battery
level information for a connected device, geographic loca-
tion data, or other such information that can be useful iIn
determining when to send power to the receiver, as well as
the location at which to send the power beam. The commu-
nication can also include information about the receiver
itself, such as the number of antenna elements, size and
arrangement of those elements, power capacity, and other
such information that can help to determine the size at which
to focus the beam, as well as how much power should be
transmitted via the beam. Other such information can be
communicated as well, such as account information for use
in charging the user for the power, or ensuring that the user,
device, and/or receiver 1s authorized to receive power.
Various other information can be transmitted as well 1n other
embodiments.

A receiver can include other communication components
as well. For example, the receiver housing 202 might
include at least one lighting or display element, such as an
LCD display or at least one LED, which can display or flash
information that can be detected by a camera or sensor of
another device, transmitter, or other such component. Simi-
larly, the receiver might include at least one audio compo-
nent, such as a speaker or microphone, that enables location
determination via sonic triangulation or other such methods.
Various other communication approaches can be utilized as
well, as should be apparent.

FIG. 3 1llustrates an example of a transmitter 300 that can
be used to transmit power to a receiver such as that illus-
trated 1n FIG. 2. In this example, the transmitter includes at
least two antenna elements 304 in order to be able to perform
beamforming and/or signal direction for purposes of power
transmission. In this example the antenna can be a patch or
flat antenna with a diameter on the order of a quarter of an
inch to ten inches, with a diameter of at least four inches in
some embodiments. The antennas in at least some embodi-
ments can be arranged 1n a flat array, while 1n other embodi-
ments two or more orientations of the antenna elements can
be used. In some embodiments the transmitter uses at least
eight antenna elements, and 1n some embodiments 2356
elements or more can be used for beamforming. As dis-
cussed elsewhere herein, however, any appropriate number,
size, type, and configuration of antenna elements can be
used based at least in part upon the power, distance, effi-
ciency, and other such requirements of the system. Also as
discussed, the antenna elements can have at least one
polarization, or can have a selection of polarizations. These
polarizations can include, for example, vertical pole, hori-
zontal pole, circularly polarized, left hand polarized, right
hand polarized, or a combination of polarizations. A trans-
mitter might include a combination of horizontal and verti-
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cal polarizations, or might include circular polarization, 1n
order to maximize the directionality and efliciency of the
power transmission, as a receiver might be 1 any of a
number of orientations with respect to the transmitter, and
there might be various obstructions or path directions that
might advantageously utilize specific polarizations. The
selection of polarizations can vary for different use cases and
embodiments. Further, in some embodiments the antenna
clements 304 may be located on more than one surface of the
transmuitter.

The transmitter can include, internal or external to a
housing 302 of the transmitter, at least one signal generation
component, such as an analog RF component. In this
example, the transmitter includes at least one RF integrated
circuit (RFIC) 306 including a plurality of analog RF
circuits and/or components that are operable to control
aspects of the antenna elements 304, as may include the gain
and/or phase of those elements, 1n order to form and steer a
beam with the desired properties (e.g., direction, focus,
power level, etc.). In at least some embodiments the RFIC
1s placed as close to the antenna elements as 1s practical, 1n
order to minimize losses. One or more digital controllers,
such as at least one microcontroller 308, can be attached to
the analog RF circuitry 1n order to control aspects such as
when a beam 1s formed, the direction for the beam, and other
such aspects. The microcontroller can be any approprate
microcontroller, such as a PIC-class microprocessor. At least
some transmitters can include more than one layer of digital
and/or analog RF circuits. Further, in some embodiments
cach antenna element or a subset of the antenna elements can
be connected to a corresponding RF circuit, which can then
be connected to one or more microcontrollers.

The housing 302 of the transmitter can take any appro-
priate form, and can be made of any appropriate material as
discussed for the receiver housing. For flat antenna arrays,
the receiver housing might take the form of a relatively flat
housing, such as may be hung on a wall or ceiling, embed-
ded 1nto a panel, etc. Various other forms can be utilized as
well. In some embodiments, the antenna elements and RFIC
clements might be included 1n a first housing, with at least
some of the other components being in a separate housing.
For example, a power supply 312 and plug for connecting to
an outlet or other power source might be part of a “base
station” or component that can be placed near an outlet, on
a table, on a floor, or 1n another appropnate location. The
base station might be connected to a separate “antenna
panel” including the antenna elements and RFIC compo-
nents, among other possible elements such as one or more
microcontrollers, in order to enable the panel to be placed in
any appropriate location independent of a location of the
base station. The use of a separate base station also enables
alternate and/or additional array panels to be utilized without
having to purchase or obtain an additional or alternate base
station. The base station, antenna panel, or other transmaitter
also can include at least one communication component 310,
as discussed with respect to the receiver, in order to com-
municate with one or more receivers. In some embodiments,
a transmitter might include multiple communication com-
ponents 1n order to communicate with devices or receivers
using different communication protocols. As discussed, the
transmitter also can use the antennas, a camera, a sensor, a
display, an LED, or another such element to enable, or assist
with, communication. The transmitter can also be very low
band with respect to other transmission technologies, such
as the 2.4 GHz or 5.8 GHz of Wi-Fi.

The transmitter can thus focus a beam to an approprate
location and size associated with the antenna(s) of the
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receiver, which can then be rectified by the rectifier of the
receiver. The components of the rectifier such as the diode,
however, can become relatively expensive as the power
requirements increase. This can have the unfortunate result
ol 1ncreasing the cost of the receiver to a point that might
make the system impractical or at least too expensive for
certain users or applications. Accordingly, approaches in
accordance with various embodiments can take advantage of
multiple, lower power rectifiers that are significantly
cheaper than equivalent higher power rectifiers. FIG. 4
illustrates a configuration 400 wherein multiple rectifiers
404 are connected in parallel between an antenna element
402, or antenna array, and a DC converter 406 of the
receiver. In an example where the receiver 1s attempting to
convert 10 Watts, a large and expensive diode would be
needed 1f only a single diode was to be used, as the diode
dictates the amount that can be converted. There are rela-
tively mexpensive diodes that can handle smaller amounts,
such as on the order of a quarter of a Watt, although other
size diodes can be used as well based on factors such as cost,
space, etc. By using multiple, smaller rectifiers 1n parallel,
the RF signals received by the antenna element can go
through multiple parallel circuits, each of which can handle
a portion of the wattage. In at least some embodiments, the
wattage can be combined at the DC converter 406. In other
embodiments, there might also be multiple converters 1n
parallel, and once the signal 1s converted to DC a conven-
tional battery or power component can combine the power
as needed.

There can be any appropriate number of rectifiers used. In
some embodiments there can be two, four, six, or eight
rectifiers (e.g., 2.5 GHz rectifiers) per antenna, depending at
least 1n part upon the amount of power to be converted. In
an example where power 1s to be provided to a notebook
computer that requires twenty Watts, the receiver might
include a single RFIC that includes a set of diodes arranged
in parallel, or the receiver might include multiple RFIC
clements connected in parallel. Other such configurations
can be utilized as well within the scope of the various
embodiments.

In at least some embodiments, 1t also can be desirable to
utilize multiple, independent antenna elements as well. For
example, FIG. 5 illustrates an example configuration 500
wherein multiple antenna elements 502 are connected in
parallel to a rectifier 504 and DC converter 506. In this
example, each antenna might be able to handle a certain
wattage, such as about one Watt each Similar to the rectifiers
and converters, the capacity of the receiver can be scaled by
increasing the number of antenna elements to provide the
necessary capacity. In the example where a notebook com-
puter requires 20 Watts, 11 each antenna element can handle
one Watt then twenty antenna elements can be combined 1n
order to deliver the appropriate capacity. In embodiments
where each antenna element 1s a small patch, for example,
there can be enough room on (or within) the casing of the
computer to embed multiple antenna elements, such as four
antenna elements or more. Each antenna element can be
connected to one or more rectifiers, or a subset of the
antenna elements can be connected to one of a set of
rectifiers, among other such options that can also be selected
based upon factors such as cost, space, and capacity, among
others. For example, 11 20 Watts are needed and each antenna
can handle 1 Watt, then 20 antenna elements might be used.
Further, 1t each rectifier diode can handle ¥4 Watt, then four
rectifiers are needed in parallel for each antenna in this
example. The rectifiers can be separate, or at least some can
be contained on one or more chips or boards that have an
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appropriate number of inputs. Other configurations and
options can be used as well within the scope of the various
embodiments. In at least some embodiments, the number of
antenna elements that can be used might be limited by the
s1ze of the recerver housing or the size of the beam that can
be transmitted by the transmitter, among other such factors.

FIG. 6 1llustrates an example configuration 600 that can
be used for a receiver 1n at least some embodiments. In this
example, a number of antenna elements 602 are combined
and their output 1s split across an array of rectifiers 604
configured to process the output 1n parallel. As discussed, 1t
can be desirable 1 at least some embodiments for the
rectifiers to be as close to the antennas as possible. Thus,
although the rectifiers are shown “below” the antenna array
in this example, 1t should be understood that in at least some
embodiments the rectifiers can be behind or “within” the
array 1n order to shorten the average path length and reduce
losses. Further, 1n some embodiments each antenna can be
connected to a dedicated rectifier, 1n order to further shorten
the paths between the antennas and the rectifiers.

FI1G. 7 illustrates yet another configuration 700, wherein
the receiver includes a group of antenna/rectifier sets 702,
704, 706, and 708. Fach of these sets can include a subset
of the number of antenna elements in the array (e.g., one or
more), and can include at least one rectifier. Such an
approach enables each rectifier to be very close to the
respective antenna(s). The output from each rectifier can
then be combined either before or after the converter for the
receiver. In this example the receiver also includes a number
of converters 710, where each converter receives the output
from one of the antenna/rectifier sets, and the output from
the converters 1s then combined. It should also be under-
stood that the output from the sets could be combined before
the converters, which could then process the output in
parallel. Various other options can be utilized as well in
accordance with the various embodiments.

In these and other embodiments, a converter 1s capable of
outputting a specific voltage, such as five volts 1n some
examples, by converting any power or voltage coming 1n. As
the amount of power 1ncreases the speed at which a battery
or other such power source can be charged. Thus, 1t can be
desirable 1n at least some embodiments, and where cost and
space provide, for example, to include additional elements
than are necessary to charge a particular device, 1 order to
charge that device 1n less time. When multiple receivers are
used with a single transmuitter, for example, this can also
improve the ability for a receiver to receive power when
needed, as less time will be dedicated to other receivers. In
one example, a device that can be charged using one Watt
can be charged in 20% of the time it would take using one
Watt by recerving five Watts. Further, the number of antenna
elements on a receiver can, 1n at least some embodiments,
also improve the efliciency of the wireless power delivery. In
some embodiments, each receiver includes a number of
antenna elements, such as ten elements, 1n order to provide
for a range of power amounts, which can increase charging
speed for at least some devices, and can guarantee a mini-
mum efliciency of the power delivery. It should be under-
stood that the efliciency and capacity also can be a factor of
the number of antenna elements on the transmitter side. In
some embodiments, a number of antenna elements can be
determined for desired performance, and that number can be
split among the transmitter and the recerver. For size, cost,
and various other reasons, 1t will be the case 1in many
embodiments that it will be more practical to place more of
the antenna elements 1n the transmitter than in the receiver.
Further, the number of elements needed on the transmitter 1s
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a function of the number of elements on the receiver. If 1t 1s
desirable to put 1,000 antennas on the transmitter, the same
basic functionality can be achieved by placing ten antenna
elements on the receiver and one hundred on the transmuitter,
as one element on the receiver side 1s roughly equivalent to
about ten such elements on the transmitter side. In at least
some embodiments, then, 1t can be desirable to place as
many antenna elements (up to a potential target number of
clements) as 1s practical. This 1s further advantageous 1n at
least some instances as receivers can be cheaper to manu-
facture (and purchase) than receivers for at least some
systems. In some embodiments receivers have on the order
of from about ten elements to over one-hundred elements,
such as forty elements 1n one example receiver device.

In at least some embodiments, the beam from the trans-
mitter to the receirver 1s formed along the path of least
resistance. For example, 1f there 1s an object positioned
between the transmitter and the receiver, the transmitter
might form the beam to reflect from the ceiling or a wall,
which can have less attenuation than the object. Further,
although the levels utilized for various applications are safe
to operate around humans, such an approach can be further
desirable as energy 1s sent around people mstead of through
them.

As discussed, although receivers in accordance with cer-
tain embodiments utilize single polarizations, 1t can be
desirable 1n at least some embodiments to include antenna
clements of multiple polarizations in a receiver. The use of
multiple polarizations can be particularly beneficial for
certain types ol devices such as portable or mobile devices,
where the orientation of the device will change at various
times. In some embodiments half of the antenna arrays
might be vertical polarized and half horizontal polarized. In
other embodiments, right and left circular polarization can
be used as well, 1 any desirable proportion or ratio. For
receivers used with devices such as two-handed video game
controllers that typically have a range of orientations, there
might be greater number of one polarization than another in
order to improve efliciency, charging speed, or other such
aspects. Other types of antenna designs might be used as
well, such as fractal antennas of appropriate bandwidth. An
advantage of horizontal and vertical image patches, among
other such designs, 1s that the patches can be the same, with
the polarization being determined by the side from which the
patch 1s connected to the receiver. In embodiments with an
appropriate controller, each patch can be fed from either of
two sides, and the receiver can dynamically adjust the
polarization of each patch in order to improve performance.
In this way the ratio of horizontal to vertical polarized
antennas can be updated as needed to optimize performance
for the current orientation and environment. Other antenna
elements can be used as well, such as metamaterial antennas
that can be significantly more eflicient than conventional
patch antennas, and in at least some embodiments can be on
the order of 10% of the size of a conventional patch or less,
all while providing the same gain capacity. Such elements
can help to reduce the size of the transmitters and receivers
as well.

In some embodiments, the transmitter might use less than
a total number of antenna elements 1n a transmitter antenna
array to transmit energy to the receiver. As long as at least
two elements are used, the transmitter can perform advanced
beamiorming to implement beamnulling around mechani-
cally point angle. Such an approach enables a suppression of
ofl-axis sidelobes, and can result 1n a greater degree of
compliance with FCC regulations than other approaches.
Antenna designs utilized 1 accordance with various
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embodiments can also enable a smaller antenna profile than
1s utilized for conventional antenna arrays used for commu-
nications and other such purposes, and reduces the need for
a moving base or other such mechanical mechanism.

FIG. 8 illustrates a flat panel antenna array design 800 that
can be used 1n accordance with various embodiments. This
antenna array 1s 1llustrated as including 1005 separate ele-
ments 1n a circular arrangement that 1s approximately 34
inches 1n diameter. Alternate permutations are also possible
including cut-oil circular pattern, square, or other polygon
arrangements. Additionally, this example array may be bro-
ken into numerous pieces and distributed across multiple
surfaces (multi-faceted). While other numbers of elements
are possible, the gain requirements for power transmitting
tavor at least 256 elements 1n this example. In some embodi-
ments where size 1s an 1ssue, the size of the antenna can be
very small, such as on the order of about 4 inches in
diameter, and can 1nclude as few as eight elements or less 1n
various embodiments. In at least some embodiments a patch
1s a thin planar piece of metal, such as quarter mill metal.
The antennas 1n some embodiments can be etched onto a
printed circuit board, while in other embodiments the ele-
ments can be printed onto plastic or formed on a silicon chip,
among other such options.

FIGS. 9A-9C 1llustrate cross section illustrations 900,
920, 940 of components of a flat panel antenna array such as
that illustrated 1n FIG. 8. In the array configuration 900 of
FIG. 9A the elements 902 are seen on a substrate layer 904.
The elements 902 may be horizontal pole, vertical pole,
circular polarized, left hand polanzed, right hand polarized
or some combination thereof. The substrate layer 904 pro-
vides mechanical stability and heat absorption properties,
for example. Wires can be seen extending from each element
902 to a corresponding RF circuit 906. Due to the processing
requirements of 1005 imdividual elements 1n this example, a
combination of analog RF circuits 906 and one or more
digital circuit(s) may be utilized to reduce processing
requirements. However, since these elements are putting out
very small signals, 1t can be desirous 1 at least some
embodiments that the analog RF circuits 904 are physically
closely aligned with the elements 902 1n order to minimize
loss. The phase and amplitude of each element 902 may be
modulated by the respective RF circuit 904 1n order to
generate the desired beamform and null steering.

While FIG. 9A 1llustrates an array that has each element
902 coupled to a single RF circuit 906, 1in FIG. 9B an array
configuration 920 1s illustrated where a subset of the ele-
ments 922 are coupled to a single RF circuit 926. In this
example, the RF circuit 926 couples to four elements 922.
More or fewer elements 922 may be controlled by each RF
circuit 926, in some embodiments. The determination of the
required number of elements to be coupled to a single
controller may be based at least 1in part upon processing
requirements, desired array cost, and the needs of the final
application, among other such factors. In some applications,
very high levels of control and granularity may be desired,
resulting 1n a lower ratio of controllers to elements. In other
applications, fewer controllers are needed because beams
control can be less granular.

For example, 1n FIG. 9C an array configuration 940 1s
illustrated where a pair of elements 942 couples to a single
RF circuit 946. This can provide greater control over beam-
forming than the previous example that coupled one con-
troller to four elements. Two of these RF circuits may then
couple to a second layer analog RF circuit 948. In turn, two
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of the second layer RF circuits 948 may couple to a single
final RE circuit 950. This RF circuit 950 may be an analog
or a digital circuat.

In certain embodiments, the RF chips or other such
components can be placed as closely to the antennas as
possible by embedding the RF chips in a printed circuit
board (PCB) positioned just behind, or adjacent to, the
respective antenna elements. Such an approach avoids the
need to run long traces or RF cables, etc. Since large antenna
arrays can require hundreds of such cables, such an approach
can significantly reduce the overall cabling length and
associated losses. The RF chips can be embedded 1n loca-
tions selected to reduce the length of wire needed. Thus, the
array ol antenna or dipole elements can have the RFIC
analog chip or other such component embedded right
behind, 1n order to minimize the trace length and, thus, the
amount of loss.

The package size can be increased 1n some embodiments
in order to have an embedded antenna array on a semicon-
ductor. The die (e.g., RFIC) can be relatively small, but a
physical package could be utilized that includes a PCB with
wires running as necessary. The die can be positioned on a
piece of silicon and/or bonded to a piece of aluminum. In
one embodiment a piece of silicon can be used that has on
the order of sixteen wires going to the edges, for example.
The silicon could be soldered onto a piece of metal, for
example, which then becomes the package. Alternatively,
the silicon could have a metal ground plane 1nitially. Since
the silicon piece generally will be small, however, 1t can be
desirable to place the silicon on a PCB or piece of metal,
among other such substrates.

Many embodiments can utilize such a multilayered
approach 1including several-to-many controllers. For
example, 1n some embodiments an array of 1,000 elements
may include a first layer of RF circuits that service 10
clements apiece (100 RF circuits). Ten of these RF circuits
may feed to a second layer RF circuit (10 second layer RF
circuits). These 10 second layer RF circuits then feeds to a
final RF circuit. Such a “nested” RF circuit design may be
able to provide better control over beamforming than current
systems.

In many embodiments phasing i1s performed in analog,
and groups of elements can be combined in analog belore
converting to digital. In some embodiments, all the elements
are combined with an analog RF circuit and then one digital
RF circuit. In other embodiments, a group of elements may
be controlled using analog RF circuits, and then these groups
may be combined using a smaller group of digital RF
circuits. For example, every horizontal row of a number
(e.g., 8) of elements could be combined in analog, and then
the output of these eight rows combined 1n digital.

Beamiorming can be performed on a very short time scale
that can seem nearly instantaneous, whereas mechanical
movement of a beam 1s comparatively very slow. Thus such
an array may track a moving object (in relation to the mobile
platform) much more tightly than mechanically dependent
antennas. Further, the flat geometry of such an antenna, and
the ability for the array to be static, can enable a nearly tlush
profile. On very fast moving objects, or those prone to
clemental or human damage, this profile may prevent sig-
nificant drag or damage of the array. Moreover, the lack of
complex moving parts reduces maintenance and possible
mechanical failures of the antenna compared to traditional
antennas. Further, the cost of such an array can be signifi-
cantly lower than those which rely upon mechanical hard-
ware. In addition to advantages enumerated above, 1t should
also be noted that an array of this sort can have very close
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control of null spaces. This allows the array to “beamshape™
by steering null spaces around the central beamform.

As discussed, the components of a recerver can be con-
nected to an electronic device, embedded 1n an electronic
device, or otherwise positioned 1n order to deliver power to
the device. For example, in FIG. 10 the receiver 1010 1s
embedded 1n a device 1000, such that the device can receive
power from the recerver which can be provided to a power
source 1008 of the device without having to connect any
external components to the device. The device can 1nclude
a communication module 1012 as discussed which can
receive information from a processor 1002 or I/O compo-
nent 1006 of the device to send to a transmuitter, 1n order to
cause power to be transmitted to the device. Such an
approach can be used to charge a battery of the device or
power the device without need for a battery, among other
such options.

In the configuration 1100 of FIG. 11, the receiver 1s part
of a battery or battery back utilized by the device. In this
way, the battery can receive power 1n order to charge itself
without having to be removed from the device, and 1n at least
some embodiments can be charged during operation of the
device. In other embodiments, such a “battery” pack enables
the device to be powered using the transmitted power,
without having to include a battery or even a device for
storing power for the device.

In the configuration 1200 of FIG. 12, the receiver 1212
and a communication element 1214 are contained 1n a
component 1204 that 1s separate from the electronic device
1202. The component can be plugged into, or otherwise
attached to, any of a number of diflerent devices, such that
a customer can use a single receiver with various devices.
The component also can take a number of different forms,
such as a case for the device 1202, a dongle, a USB device,
a third-party accessory, etc. In this example the receiver i1s
able to provide power to the device, and the communication
module 1s able to obtain information to be conveyed to the
transmitter 1n order to ensure that an appropriate amount of
energy 1s sent at an appropriate time. Various other configu-
rations and functionality can be used as discussed elsewhere
herein.

As mentioned, the transmitter can focus at least one beam
to an appropnate location and size associated with the
antenna(s) of the receiver, which can then be rectified by the
rectifier of the receiver. The ability to precisely form a beam
of a desired size and power can depend at least 1n part upon
the number of antenna elements in the transmitter and/or the
receiver. Accordingly, approaches 1n accordance with vari-
ous embodiments can utilize dozens, hundreds, or even
thousands of antenna elements in order to provide desired
beamforming capabilities and performance. Using analog
clements instead of digital elements can provide significant
cost savings, and can allow for the inclusion of additional
clements 1n a transmitter without a substantial increase 1n
cost to the customer. Further, analog elements work over a
wide band, not a small portion of the overall spectrum, such
that an analog transmitter can also ofler greater flexibility
than digital transmitters 1n at least some embodiments.

In the example configuration 1300 of FIG. 13, an antenna
panel 1302, or housing, 1s displayed that 1s connected to a
base station 1312. As illustrated 1n the example of FIG. 3, the
components can alternatively be placed 1n a single housing
or otherwise arranged within the scope of the various
embodiments. In this example, a number of antenna ele-
ments 1304 are arranged within the panel, with each of the
antenna elements being connected (not shown) by an appro-
priate wire, cable, line, or other such mechanism to analog
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control circuitry, such as at least one RF integrated circuit
(RFIC) 1306 including components operable to control
aspects of the antenna elements 1304, as may include the
gain and/or phase of those elements, 1n order to form and
steer a beam as discussed above. The RFIC in this example
1s also placed within the panel 1302 in order to place the
RFIC as close to the antenna elements as 1s practical, 1n
order to minimize losses as discussed above. Other compo-
nents of the transmitter then can be included in the base
station 1312. In this example the base station includes the
microcontroller 1314 for the antenna array, as well as the
power components that are configured to receive power
from an outlet and provide the necessary type of power to
the microcontroller and other components. The base station
in this example also includes a wireless communication
clement 1318 for communicating with one or more receivers
or other such devices, although in at least some embodi-
ments components such as the microcontroller and commu-
nication component(s) can be included in the transmitter
panel 1302 as well. An advantage to having a panel 1302
separate from the base station 1312 1s that components such
as the power components might include a significant amount
of weight, but elements such as the antenna elements and
RFIC components are relatively light. Thus, separating the
components can make it easier to hang the antenna panel on
a wall or ceiling, for example. Further, the power compo-
nents typically will need to be plugged into an electrical
outlet 1n certain embodiments, so the separation enables the
base station to be near the outlet and the panel placed where
desired. In embodiments where the transmitter 1s hardwired
into the location or building, for example, 1t might be more
desirable to use a combined arrangement as 1illustrated 1n
FIG. 3. Another advantage of the separation 1s that the
customer can purchase a base station and separately pur-
chase an antenna panel of the desired shape and/or capacity,
such that the customer can pay for just what the customer
wants and more options or combinations can be provided.
Further, if the customer’s demands change, the customer can
buy a new panel instead of a whole new transmitter, which
can provide significant cost savings in at least some embodi-
ments.

In this example the panel 1302 can be any appropnate
shape and/or size, as may be determined based at least 1n part
upon the number and configuration of antenna elements to
be contained within the panel. The panel can be made of any
appropriate material, such as a lightweight plastic, rubber, or
polymer material. The panel housing also can come in
different colors or shapes that might be customizable or
selectable by a user. In some embodiments, skins or other
mechanisms can be used to adjust the appearance of the
panel as well. In some embodiments a customer might
utilize the panel behind a wall surface, picture, ceiling panel,
or other such object such that appearance or form might not
be of concern, other than potentially including helpiul
mounting mechanisms or other such components. At least
some panels might be designed to hang on the visible surface
of a wall or ceiling, such that an aesthetically pleasing
design and/or color might be desirable, or at least a design
that 1s as visually unobtrusive as possible.

Similarly, the base station can be made of any appropnate
material, which can be similar to, or different from, the
material used for the panel. The base station may or may not
include mounting hardware, depending at least 1n part upon
whether the base station is part of the panel assembly or a
separate component connected to the panel by power and
communication cabling, or another such component. The
base station can include any additional components as may
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be appropriate, such as a cooling fan, power switch, LED
clement for providing operation and/or other notifications to
a user, a display element for displaying an interface to a user,
one or more mput buttons or keys, a touch screen, or other
such elements. In some embodiments the components of the
base station might be built into another device as discussed
clsewhere herein.

A transmitter can focus energy using all the antenna
clements in the array in order to deliver the maximum
amount of power capable of being provided to a receiver. In
some embodiments, however, 1t might be desirable to only
utilize a subset of the antenna elements. For example, a
receiver might only be able to charge a device up to a certain
rate or amount, a user might have specified a power limit, or
another such factor might come into play. Increasing the
number of antenna elements used can improve the ability to
shape the beam, the amount of power able to be transferred
via the beam, and other such aspects, but 1n some cases less
than the total number of elements may be suflicient. Logic
in the microcontroller or an attached device can determine
how many elements to use for a given purpose at a given
time.

In some embodiments, such logic can also determine
when and how to charge devices when there are more than
two devices or recervers that want to receive a charge. For
example, FIG. 14A illustrates an example situation 1400
wherein there are two computing devices 1402 and 1414
within a transmission range of a transmitter 1406, or at least
an antenna panel of a transmaitter, in accordance with at least
one embodiment. In this example, each device 1402, 1414
can communicate over a wireless channel (Bluetooth, Wi-Fi,
acoustic, optical, etc.) with the transmitter 1406 in order to
convey information about a current power level, power
stage, charging need, or other such immformation. In at least
some embodiments, each of the devices 1402, 1414 can have
software 1nstalled that communicates with a power receiver,
which can be built in or external that can determine infor-
mation about one or more power states of the respective
device and communicate that information to the transmaitter.
In some embodiments, the software can cause power level
information to periodically be transmitted to the transmitter,
such as via a periodic heartbeat or in response to periodic
polling from the transmitter, among other such options,
while 1n other embodiments a receiver may send a request or
transmission only when charging of the device 1s determined
to be appropriate. For example, each device might have a
determined power level at which the device requests charg-
ing to ensure that the device does not run out of power, at
least before a next charging opportunmity. In other embodi-
ments, a user might configure or set a level at which to
obtain charging. In still other embodiments a device might
be set to periodically request charging to make sure that the
device (or a battery or other power component of the device)
1s at or near a full charge. Various other timing and charge
determining approaches can be used as well within the scope
of the various embodiments.

In FIG. 14A, one of the devices, here a notebook com-
puter 1402, has indicated to the transmitter 1406 that the
device 1s requesting to receive power. Accordingly, the
transmitter 1406 can attempt to determine the location of the
notebook computer 1402 in order to attempt to deliver
power to the antenna array 1404 of the notebook. As
discussed, the transmitter can attempt to determine the
location to which to deliver power 1n a number of different
ways. In one approach, the antenna elements of the notebook
computer can be caused to “chirp” or otherwise emit a signal
that can be detected by the antenna elements of the trans-
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mitter, which can be analyzed by the components of the
transmitter 1n order to adjust a gain or phase of at least some
of the antenna elements in order to deliver power to that
location, including an appropriate amount of beamforming
and focus, etc. For example, a transmitter or receiver receiv-
ing a chirp can compare the signal to a local crystal,
determine a difference in the local antenna elements, and
adjust the phases accordingly. In other embodiments, the
wireless or sideband channel can be used to send geo-
location information, as may be determined using a GPS or
other sensor of the notebook computer, among other such
options. The information can be used to focus a beam 1410
to a focus region 1412 that 1s approximately the size of the
antenna array 1404 of the notebook computer, in order to
minimize losses due to portions of the beam that are not
detected by the array. For at least some embodiments, the
beam can be split and focused on different portions of the
array, or even individual antenna elements, in order to
further improve efliciency.

While power 1s being transmitted to the notebook com-
puter 1402, the notebook computer can periodically send
updates as to the current power state in at least some
embodiments. Such an approach can not only help the
transmitter to determine when to stop delivering power to
the device, but can also help the transmitter to determine
when and where to deliver power as will be discussed later
herein. In some embodiments, a device might only send
another signal to the transmitter when charging 1s complete,
such that the transmitter knows to stop transmitting power to
that device. Since such an approach might cause 1ssues 11 the
device 1s powered off or removed, 1n at least some embodi-
ments a device must send a periodic message during charg-
ing 1n order to signal to the transmitter to continue sending
a charge to the device. Various other approaches can be used
as well within the scope of the various embodiments.

In FIG. 14A, however, there 1s also a tablet computer
1414 that also includes antenna elements of a power
recerver, and 1s able to communicate with the transmitter to
provide location and charging information, for example, in
order to also obtain power as for the notebook computer
1402. The transmitter can determine the location and the
need for charging, and can focus a beam on the antenna array
of the tablet computer.

It might be the case, however, where at certain times both
devices 1402, 1414 request power from the transmitter. A
number of different approaches can be taken to provide
power to both devices. In a first example, the needs of the
devices are determined and ranked, such as to determine
which device 1s more 1n need of power delivery, and then
power 1s delivered to that device first, followed by the other
device. In other embodiments, the transmitter 1406 can
include logic to cause power to be delivered 1n an alternating
fashion between the two devices. For example, the trans-
mitter might determine equal periods of time to deliver
power to each device. Since the antenna elements can adjust
the beam very rapidly, the power can be delivered for a
period of time to the first device, then for a period to the
second device, then again for the first device, etc., until at
least one of the devices 1s fully charged or otherwise no
longer requires (or 1s able to obtain) charging. In some
embodiments, the periods might be different for each device.
For example, one device might be closer to losing power, or
might be consuming more power, such that the transmaitter
can (1f receiving such information from the devices) deter-
mine an appropriate ratio of charging periods to use for each
device. As should be understood, such an approach can be
used with more than two devices as well.
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In some embodiments, the antenna array of the transmitter
1406 can also be configured to stmultaneously deliver power
to both devices using different subsets of the antenna array.
For example, FIG. 14B 1llustrates an example situation 1420
where a {irst subset 1422 of antenna elements of the trans-
mitter 1s configured to deliver power to the notebook com-
puter 1402 and a second subset 1424 1s configured to form
and send a beam 1426 that 1s focused on the antenna array
1428 of the tablet computer. Such an approach can enable
both devices to be charged concurrently, which can be
desirable 1n at least some situations, such as where an
external receiver 1s connected to a device and the device has
some delay or time constraints on charging, constantly
notifies the user with changes in charge state, etc. Further, in
at least some embodiments one or more devices might not
include a battery or otherwise might operate using the power
delivered from the transmitter, such that periodic charging
may not be suflicient. Such approaches might be used to
enable the devices to be very light, without need for a
battery, as well as to provide for security, where a device
must provide authentication to receive power and cannot
work outside a designated area. Various other such situations
exist as well.

In some embodiments, the ability to use diflerent portions
of the array for different purposes also can allow for other
types of transmission as well, such as a power transmission
using a first subset and a data transmission using a second
subset.

The transmitter can utilize any of a number of types of
information to determine whether to charge 1n an alternating
or concurrent manner, or 1n a combination thereof wherein
at least one device receives continuous power and other
devices might alternatively receirve power. Further, the trans-
mitter can determine information such as the number of
clements available, size of beam needed, amount of power
needed, and other such information to determine how many
and which elements to use to deliver power to each device.
Different devices or receivers can have diflerent numbers of
antenna elements, such that the logic on the transmitter can
determine how to fairly distribute power based on capacity
or other such factors. Also as discussed, in some situations
a device might need more power than another device, such
that the transmitter can determine how to split up the power
delivery 1n a proportion that 1s still as fair as possible to all
receivers. Various other approaches and logic can be used as
well.

The devices and transmitter can remain 1n communication
such that power delivery can change as needed. For
example, an amount of power consumption by one device
might change, the user might plug a device mto a wall
socket, etc., such that the amount of power needed can
change while charging. The transmitter can receive this
information 1n at least some embodiments, and can deter-
mine how to adjust delivery. In some embodiments, the
receivers (or devices attached to the receivers) can deter-
mine an amount of power delivery needed 1n response to a
change, action, or event, and can communicate that infor-
mation to the transmitter. Thus, the number of elements or
approach used to power various devices can change at any
time, even during charging.

As mentioned, the transmitter can include a number of
antenna elements that can have diflerent polarizations and
arrangements 1n order to handle multiple different receiver
ortentations and/or locations. Such differences can also
allect how many elements are used to deliver power to a
given device, as certain polarizations or orientations may be
more eflective for certain device orientations or locations,
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and 1n at least some embodiments the transmitter can be
configured to optimize for efliciency to the extent possible
while still providing suflicient power delivery.

It also should be stated that such delivery approaches can
advantageously be used with other types of signals as well,
such as for communications or other such purposes.

FIG. 15 1llustrates an example transmitter panel 1500 that
can be utilized in accordance with various embodiments. In
this example the panel includes a large number of antenna
elements 1504, which could include over one-hundred ele-
ments 1n this example. It 1s possible that a single RFIC could
be used with all these antenna elements. Such an RFIC can
be relatively expensive, and as discussed it can be desirable
to mimimize the path length between antenna elements and
the RFIC elements 1n order to minimize loss. Accordingly
approaches 1n accordance with various embodiments utilize
several smaller RFIC devices 1506 that are each connected
to a subset of the antenna elements 1504 in the antenna panel
housing 1502. In this example each RFIC 1s able to connect
to eight antenna elements, although any appropriate number
of connections can be made 1n various embodiments. Small
analog RFIC devices are relatively inexpensive, so such an
approach can minimize losses by enabling the RFIC devices
to be placed relatively close to the connected antenna
clements, but also can substantially reduce costs over a
larger, single RFIC device. In this example, at least one
additional layer of RFIC devices 1508 can be used to
connect or “cascade” the RFIC devices 1506 1n order to
combine the connections of the various antenna elements to
a single output (or at least fewer outputs).

The ability to mexpensively add additional RFIC devices
and antenna elements provides the scaling desired for vari-
ous transmission applications, as the beamforming capabil-
ity can scale with the number of phase shifters and amplifiers
of the RFIC devices for the respective antenna elements.
Although two layers are shown 1n the example, there can be
any of a number of layers of RF chips or other such devices
cascading to support the number of antenna elements, with
the number of RF chips per layer and number of layers being
a factor of the number of antenna elements and the number
of connectors on each RF chip. In an embodiment where
cach chip can accept sixteen 1nputs, an assembly of seven-
teen RFIC chips can support up to two-hundred and fifty-six
antenna elements. A similar approach can be performed
where the transmitter 1s also configured to act as a receiver.

Although 1n many instances a transmitter will be a stand-
alone component, as a single unit or as a base station and
antenna panel, for example, 1n some embodiments one or
more components ol a computing or electronic device can be
utilized with a transmitter as well. For example, the com-
ponents of a transmitter can be connected to an electronic
device, embedded 1n an electronic device, or otherwise
positioned 1 order to deliver power to the device. For
example, 1n FIG. 16 the transmitter 1610 1s embedded 1n a
device 1600, such that the device can provide power
obtained from a power source 1608 of the device without
having to connect any external components to the device.
The device can include a communication module 1612 as
discussed which can receive information from a processor
1602 or I/O component 1606 of the device to send to a
receiver, 1n order to cause power to be transmitted to the
receiver. Such an approach can be used to charge a battery
of the recerving device or power the device without need for
a battery, among other such options.

In the configuration 1700 of FIG. 17, the transmitter 1s
part of a battery or battery back 1710 utilized by the device.
In this way, the battery can transmit power to other devices
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in order to charge those devices, such as may be useful 1n a
gaming console or similar device that has controllers or
other accessories that might require power.

In the configuration 1800 of FIG. 18, the transmitter 1812
and a communication element 1814 are contained in a
component 1804 that 1s separate from the electronic device
1802. The component can be plugged into, or otherwise
attached to, any of a number of diflerent devices, such that
a customer can use a single receiver with various devices.
The component also can take a number of different forms,
such as a case for the device 1802, a dongle, a USB device,
a third-party accessory, etc. In this example the receiver 1s
able to obtain power from the device, and the communica-
tion module 1s able to obtain information to be conveyed to
the receiver 1n order to ensure that an appropriate amount of
energy 1s sent at an appropriate time. Various other configu-
rations and functionality can be used as discussed elsewhere
herein.

In the configuration 1900 of FIG. 19, it 1s shown that
additional antenna elements and/or assemblies 1914 can be
added to such a device as well, using approaches discussed
clsewhere herein.

In at least some 1nstances, a user might want the ability to
increase the amount of power that can be delivered, 1n order
to more rapidly charge one or more devices. A user might
also want the ability to power more devices concurrently. In
many cases a user also, or alternatively, will want to improve
the overall efficiency of power transmission using various
transmitters discussed herein. As mentioned, these goals can
be achieved 1n at least some embodiments by increasing the
number of antenna elements used for the transmission(s). A
user thus can purchase a new transmitter, or can purchase a
new antenna panel as discussed with respect to FIG. 15, that
includes additional antenna elements.

Replacing an entire transmission system can be expen-
s1ive, however, particularly where the user also has to replace
the base station including the power components. Swapping,
in a different antenna panel can be less expensive, but still
can result 1n unused panels and can increase the amount of
waste produced 1if the user gets rid of the old panel. Further
still, purchasing a larger antenna panel does not take advan-
tage of the fact that the user already has a number of antenna
clements 1n the user’s possession.

Accordingly, approaches in accordance with various
embodiments enable users to utilize additional antenna
panels, arrays, assemblies, or other such configurations or
components, 1n addition to those that the user might already
utilize. For example, consider the situation 2000 of FIG.
20A. In this example the user already has an antenna panel
2002 plugged into a base station 2012, where the panel
includes a number of antenna elements 2006 and control
circuitry or components 2008, as discussed elsewhere
herein. If the user wants to increase the number of antenna
clements 1n the transmission system, the user can plug
another antenna panel 2004 into the base station 2012. In
this example both antenna panels include the same number
of antenna elements 2006 (although different numbers, sizes,
or configurations can be used within the scope of various
embodiments) such that the number of antenna elements 1n
the system 1s doubled, without any waste with respect to the
original panel 2002. Each panel can have a cable 2010 or
other connector that 1s able to be received by a port or other
connection mechanism of the base station 2012. The number
of panels that can be connected 1n this example might be
limited only by the number of ports or connectors available
on the base station. The base station can be configured such
that the controller 2014 can detect the addition of another
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panel 2004, and can determine information such as the
number and arrangement of elements, among other such
information that might be stored by the panel or otherwise
obtainable based at least in part upon some information or
identifier provided by the panel or input into the base station,
ctc. The controller can enable the panels 2002, 2004 to share
the controller 2014 and power elements 2016, as well as the
wireless device 2018 or other mechanisms of the base
station. It should be understood, however, that in some
embodiments one or more of these components might also
be contained 1n at least one of the panels, such that not every
panel needs to share all functionality of each appropnate
component 1n a given base station.

The controller 2014 1n the base station can then choose to
treat the panels separately or as part of a larger, single array
of antenna elements 2006. The controller also can select
sub-sets of one or the other, or across both panels, to use to
direct energy (or data, etc.) to various destinations. The
increased number of antenna elements enables 1mproved
beamiorming and focus versus for a single panel, such that
elliciency can be improved. Further, the larger number of
clements enables additional groups of those elements to be
used to power more devices concurrently, or deliver more
power to each device concurrently receiving power, etc.

In FIG. 20A each panel 2002, 2004 1s connected by a
cable 2010 or other connector directly to the base station
2012. FIG. 20B 1llustrates another example configuration
2020, wherein only one of the panels 2004 1s connected to
the base station 2012, and a second panel 2002 1s directly
connected to that panel 2004 by a cable 2022 or other
appropriate connector. It should be understood that while
direct connections are shown for purposes of explanation, 1t
1s possible that indirect connections can be made as well
within the scope of the various embodiments.

An advantage to such an assembly 1s that the panels might
be located 1n a position, such as on a wall or 1n a ceiling, that
1s at a significant distance from the base station, and requir-
ing each panel to connect to the base station can involve
running an additional connector to the base station, which
can be impractical 1n at least some situations. Accordingly,
approaches 1n accordance with at least some embodiments
can enable the panels to connect to each other, such that the
number of antenna elements can be increased without hav-
ing to run another cable to the base station. In this example,
cach antenna panel assembly 2002, 2004 includes a number
of antenna elements (of similar or different number, size,
shape, material, orientation, transmission capability, etc.)

and appropriate RF or other such circuitry, with a single
controller of the base station 2012 used to drive the anten-
nas.

It 1s possible, however, that each panel (or at least one of
the panels) might also include 1ts own microcontroller, or
other such control mechanism, that can work together with
the controller of the base station 2004 and potentially any
other controller of any other antenna panel. Further, each
panel might be able to connect to a number of other panels,
such as 1s illustrated 1n the example situation 2100 of FIG.
21. In this example, each panel 2102 can connect on a side
to another panel, with each panel being able to connect to up
to four panels 1n order to eflectively create a larger antenna
panel assembly. It should be understood that other configu-
rations and numbers of connections can be used as well,
including stacking, connecting 1n shaped configurations, etc.

In this example, each panel includes 1ts own microcon-
troller that can communicate with the controller of the base
station, although in at least some embodiments a single
controller 1n the base station might be used. Upon a panel
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being connected to the assembly, the controller of the base
station can obtain information about the panel, either by
receiving iformation pushed by the microcontroller of the
added panel, polling the panels for new information, or other
such mechanisms. In some embodiments a user might use an
interface to idicate to the base station and/or assembly that
a panel has been added, where the panel was added, how
many elements are included, etc. In some embodiments, the
user (or system, etc.) might execute a software program that
provides such imformation and/or programs the base station
to control the additional panel. In other embodiments, con-
figuration information might be stored 1n each panel that can
be read by the base station, and the connection port(s) or
mechanism(s) to which the panel 1s connected can be used
to determine the relative location of the panel 1n the assem-
bly. Various other approaches can be used as well.

In this example each panel can “snap” into, or otherwise
connect with, an adjacent panel. Other approaches might
connect using only data cables or other such mechanisms. In
embodiments that do not include separate housings, addi-
tional elements or set of elements might be able to be added
as desired, such as by plugging another set into a board or
assembly, among other such options. Such an approach
enables each panel to operate separately using the respective
microcontroller, but also allows any set or grouping of the
antenna elements of the connected panel assembly to be
used for transmission to a particular destination. A controller
of the base station can include logic (or can be 1n commu-
nication with a component having logic) that enables the
base station to determine which of the connected antennas to
use for a particular amount of power delivery, destination,
etc., and can contact the individual microcontrollers where
appropriate. Approaches for determiming how to utilize the
antenna arrays can be similar to the logic discussed above
wherein the antenna elements are all part of a single assem-
bly, among other such options.

In some embodiments, each panel includes a printed
circuit board (PCB) with a number of antenna elements or
patches positioned thereon, that are connected to an RF chip
configured to control those patches. As discussed, each panel
can 1nclude at least one microcontroller, or can communicate
with a microcontroller 1n a base station or other such
component. In some embodiments, a panel may include
space to add circuit boards with additional elements within
the same housing. Various other components such as LEDs,
display elements, audio components, wireless communica-
tions components, or other such existing or conventional
components can be used as well within the scope of the
various embodiments. The base station can include power
components and other components as discussed elsewhere
herein, and can include, or enable attachment of, a power
plug or other such component for obtaining power from a
power outlet or other such source.

The number of antenna elements in each panel can vary,
and may be selected based on any of a number of factors. For
example, different numbers of elements may be selected for
different panels of different sizes, 1n order to provide panels
of different cost and power delivery capability, as well as to
ecnable customers to select panels or other housings of
antenna elements that will fit in various spaces. Further, 1n
some embodiments depending upon geographic location and
amount ol power to be transmitted, there might be federal,
local, or other applicable regulations regarding the amount
of power transmitted, or other such aspects, although beam-
forming with multiple antennas allows the amount of power
transmitted to be increased with respect to other potential
approaches.
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A small example panel for home or oflice use, for
example, might include sixteen or thirty-two patches, and
might be able to deliver about half a Watt over a range of
about twenty feet. If the user wants to move the transmission
system to a larger room, or wants more power to charge
devices more quickly, the user can plug in an additional
panel with more antenna elements. In some embodiments,
the packaging for each panel can give guidance as to the
amount of additional power each can provide. In some
embodiments, a user might be able to run a soltware
program where the user mputs various parameters, such as
room size, number of devices to be charged, cost, and/or
speed at which devices should be charged, and can receive
a recommendation as to the number of antenna elements,
number of panels, or size of additional panel(s) to be added
to provide those values. For example, 1n some embodiments,
adding a second panel with a similar number of antenna
clements can double the amount of power that can be
delivered and cut the charging time 1n half. Each additional
model can reduce the charging time proportionally.

Each additional panel or other antenna assembly can
obtain power from the base station (directly or indirectly
through another antenna assembly), and can utilize control
logic from the base station and/or other components. It 1s
desired 1n at least some situations that when a user adds
another panel, the transmission system does not require any
additional configuration by the user and acts as 11 the larger
number of antenna elements were included in the system as
originally installed. As mentioned, each antenna assembly
can have one or more RFIC’s or other such circuits, which
can be controlled by a local and/or remote controller or
microcontroller. In at least some embodiments, the panels do
not mclude power supplies or microcontrollers in order to
reduce redundancy and decrease the cost of the system,
among other such advantages.

As mentioned, in some situations there might be regula-
tions limiting the amount of power that can be delivered in
a particular geographic area. In some embodiments there can
be a GPS element 1included 1n the base station to determine
the location, which can then be used to determine the local
regulations, such as by checking against a local storage or
making a call to a network 11 the base station 1ncludes one
or more networking components, such as Wiki, 4G, etc. In
some embodiments where the base station 1s able to com-
municate with devices such as smart phones or tablet
computers over a wireless connection, such as Bluetooth, the
base station can request location information from the
device, and can even leverage the network connection of the
device, where permitted, to obtain local regulation informa-
tion from across the relevant network(s). The controller of
the base station then can ensure that power 1s not delivered
in a way that violates local regulations, and can monitor
usage of the system when the system has the capability to
exceed those regulations to notify the user of any request or
application that might violate the regulations. In some
embodiments the base station can communicate with a user,
such as by a display element on the station or a panel, by
communicating with one of the nearby devices, by sending
a text or instant message, etc., to indicate that adding
additional panels might only enable more devices to be
charged concurrently, as the maximum amount of power
delivery to a single device has already been reached. Various
other information and notifications can be provided as well
within the scope of the various embodiments.

As mentioned, when a controller (or microcontroller) 1n
the base station controls the antenna patches of each panel,
the controller will need to be able to determine the presence,
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number, and configuration of the additional elements, in
order to be able to control those elements for purposes of
beamforming, etc. While the RFIC or other such circuitry
and/or components are doing the actual adjustments for the
respective elements or patches in a panel, the microcon-
troller 1s providing the istructions to the RFIC, with some

I/O requests or other such communications. In some
embodiments, an 8-bit, [°C, MIPI, SPI, or other such bus
might be used for communications. As mentioned, in some
embodiments each panel might include 1ts own microcon-
troller, which can receive instructions (wired or wirelessly)
from the base station or another such component and deter-
mine how to instruct the local RFIC elements.

Each panel 1n at least some embodiments can have at least
one “power 1’ and at least one “power out” port or
connector to enable additional panels to receive power from
the base station, 1n addition to communication ports or
connections. Each panel only needs to receive power from
one other panel, or the base station, so a single power 1n and
single power out can be sutlicient 1n at least some embodi-
ments. In one embodiment, 5V AC can be fed across the
panels such that there 1s no need to pay for another AC to DC
conversion. In some embodiments, the same cable or con-
nection can be used for communication and power delivery,
such as a USB cable or other such connector, although the
microcontrollers can communicate wirelessly using a pro-
tocol such as ZigBee or Bluetooth 1n at least some embodi-
ments. In some embodiments each panel can have an 1den-
tifier, and instructions emitted by the controller can include
the 1dentifier 1n a header portion, metadata, etc., such that
even though some or all of the panels might receive the
instructions, each local component (e.g., microcontroller
and/or RFIC) can 1gnore the instructions including any other
identifier. Certain panels can communicate with the micro-
controller to be dynamically assigned an identifier that is
different from the other panels, or a user might set one or
more switches or other mputs to establish an identifier, or
designate a panel as a “master” or a “slave,” among other
such options. Further, the base station controller might
receive configuration information from the user as to where
cach panel 1s attached, or might be able to determine from
the order each panel 1s added, and the ports or connectors
used to connect that panel, where the panel 1s 1in the system.
Various other such approaches can be used as well within the
scope of the various embodiments.

In some embodiments it might also be possible to scale
the base station, such as by adding additional base stations
or additional modules. Such an approach can enable new
communications or control mechanisms, additional ports or
power connections, or other such components to be added to
a transmission system, without need to purchase a new (or
larger overall) base station. In some embodiments such as
commercial establishments where there might be a large
number ol panels 1n different locations, there might be
multiple base stations used to provide power and 1instruc-
tions, but those base stations can communicate in order to
coordinate the delivery of power from different panels that
might be connected to different base stations. In some
embodiments there might be a master base station that
manages the overall delivery for the location, sending
instructions and exchanging information with each other
base station connected to the system. Various other reasons
for adding base stations or station components can apply as
well 1 various situations. Various other upgrade paths can
be possible as well, as may be implemented through soft-
ware upgrades, new cards or chips, etc.
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While this invention has been described in terms of
several embodiments, there are alterations, permutations,
modifications and various substitute equivalents, which {fall
within the scope of this invention. It should also be noted
that there are many alternative ways of implementing the
methods and systems of the present invention. It 1s therefore
intended that the following appended claims be interpreted
as mncluding all such alterations, permutations, modifica-
tions, and various substitute equivalents as fall within the
true spirit and scope of the present invention.

What 1s claimed 1s:

1. A wireless-power recetver, comprising:

one or more processors configured to perform operations,

including;:
receiving, via one or more antenna elements of an
antenna array, a plurality of first electromagnetic
(EM) si1gnals, wherein
cach antenna element of the one or more antenna
clements of the antenna array has a respective
polarization;
in response to a change 1n an orientation of the wire-
less-power receiver, changing the respective polar-
1zation to a changed polarization for the one or more
antenna elements of the antenna array; and
receiving, via the one or more antenna elements of the
antenna array, and while the one or more antenna
clements have the changed polarization, a plurality
of second EM signals.

2. The wireless-power recerver of claim 1, wherein the
plurality of second EM signals received at the wireless-
power recerver are configured to be used to provide usable
power to an electronic device, wherein:

a power transier efliciency of the plurality second EM

signals 1s configured to be greater than a power transier
ciliciency of the plurality first EM signals.

3. The wireless-power recerver of claim 1, wherein the
changed polarization of the one or more antenna elements of
the antenna array 1s based on the orientation of the wireless-
POWET recelver.

4. The wireless-power recerver of claim 1, wherein the
changed orientation of the wireless-power receiver 1s an
orientation of the wireless-power receiver relative to a
wireless-power transmitter.

5. The wireless-power recerver of claim 4, wherein the
wireless-power recerver further mncludes a communications
component configured to communicate at least one of a
location, an orientation, and charging information with the
wireless-power transmuitter.

6. The wireless-power receiver of claim 1, wherein the
changed polarization of the one or more antenna elements of
the antenna array 1s configured to be determined by the one
or more processors such that a power transfer efliciency of
the plurality of second EM signals 1s maximized.

7. The wireless-power receiver of claim 1, wherein:

the one or more processors are configured to perform

further operations, including:

in response to a second change 1n the orientation of the
wireless-power receiver, changing the respective
polarization to a second changed polarization for the
one or more antenna elements of the antenna array;
and

receiving, via the one or more antenna elements of the
antenna array, and while the one or more antenna
clements have the second changed polarization, a
plurality of third EM signals.
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8. The wireless-power receiver of claim 1, wherein:
the one or more processors are configured to perform
further operations, ncluding:

receiving, via one or more second antenna elements of

a second antenna array, a plurality of fourth EM

signals, wherein

cach second antenna element of the one or more
second antenna elements of the second antenna
array has a respective second polarization;

in response to a change in the orientation of the

wireless-power receiver, changing the respective

second polarization to a second changed polarization

for the one or more second antenna elements of the

second antenna array; and

receiving, via the one or more second antenna elements
of the second antenna array, and while the one or
more second antenna elements have the second
changed polarization, a plurality of fifth EM signals.

9. The wireless-power receiver of claim 1, wherein the
changed polarization 1s at least one of a vertical pole,
horizontal pole, circular polarization, left-hand polarization,
right-hand polarization, and a combination of polarizations.

10. The wireless-power receiver of claim 1, wherein the
one or more antenna elements of the antenna array include
at least one of an omni-directional antenna, a directional
antenna, and a flat-panel antenna.

11. A system for wireless power transmission, compris-
ng:

a wireless-power receiver configured to:

recelve, via one or more antenna elements of an
antenna array ol the wireless-power receiver, a plu-
rality of first electromagnetic (EM) signals, wherein
cach antenna element of the one or more antenna
clements of the antenna array has a respective
polarization; and
in response to a change 1n an orientation of the wire-
less-power receiver, change the respective polariza-
tion to a changed polanization for the one or more
antenna elements of the antenna array; and
a wireless-power transmitter configured to transmit, while
the one or more antenna elements have the changed
polarization, a plurality of second EM signals to the one
or more antenna elements of the antenna array.

12. The system for wireless power transmission of claim
11, wherein the plurality of second EM signals received at
the wireless-power receiver are configured to be used to
provide usable power to an electronic device, wherein:

a power transfer efliciency of the plurality second EM

signals 1s configured to be greater than a power transfer
elliciency of the plurality first EM signals.

13. The system for wireless power transmission of claim
11, wherein the changed polarization of the one or more
antenna e¢lements of the antenna array 1s based on the
orientation of the wireless-power receiver.

14. The system for wireless power transmission of claim
11, wherein the changed ornientation of the wireless-power
receiver 1s an orientation ol the wireless-power receiver
relative to a wireless-power transmuitter.

15. The system for wireless power transmission of claim
11, wherein the wireless-power receiver 1s further config-
ured to:

receiving, via one or more second antenna elements of a

second antenna array, a plurality of fourth EM signals,
wherein

5

10

15

20

25

30

35

40

45

50

55

60

28

cach second antenna element of the one or more second
antenna elements of the second antenna array has a
respective second polarization;

in response to a change 1n the orientation of the wireless-

power recerver, changing the respective second polar-
1zation to a second changed polarization for the one or
more second antenna elements of the second antenna
array; and

recerving, via the one or more second antenna elements of

the second antenna array, and while the one or more
second antenna eclements have the second changed
polarization, a plurality of fifth EM signals.

16. A non-transitory computer-readable storage medium,
storing one or more programs configured for execution by
one or more processors, the one or more programs including
instructions for:

receiving, via one or more antenna elements of an antenna

array ol a wireless-power receiver, a plurality of first

clectromagnetic (EM) signals, wherein

cach antenna eclement of the one or more antenna
clements of the antenna array has a respective polar-
1Zation;

in response to a change 1n an orientation of the wireless-

power recerver, changing the respective polarization to
a changed polarization for the one or more antenna
clements of the antenna array; and

recerving, via the one or more antenna elements of the

antenna array, and while the one or more antenna
clements have the changed polanization, a plurality of
second EM signals.

17. The non-transitory computer-readable storage
medium of claim 16, wherein the plurality of second EM
signals received at the wireless-power receiver are config-
ured to be used to provide usable power to an electronic
device, wherein:

a power transier efliciency of the plurality second EM

signals 1s configured to be greater than a power transier
ciliciency of the plurality first EM signals.

18. The non-transitory computer-readable storage
medium of claim 16, wherein the changed polarization of the
one or more antenna elements of the antenna array 1s based
on the orientation of the wireless-power receiver.

19. The non-transitory computer-readable storage
medium of claim 16, wherein the changed orientation of the
wireless-power receiver 1s an orientation of the wireless-
power recerver relative to a wireless-power transmitter.

20. The non-transitory computer-readable storage
medium of claim 16, wherein the one or more programs
further 1include 1instructions for:

recerving, via one or more second antenna elements of a

second antenna array, a plurality of fourth EM signals,

wherein

cach second antenna element of the one or more second
antenna elements of the second antenna array has a
respective second polarization;

in response to a change 1n the orientation of the wireless-

power receiver, changing the respective second polar-
1zation to a second changed polarization for the one or
more second antenna elements of the second antenna
array; and

recerving, via the one or more second antenna elements of

the second antenna array, and while the one or more
second antenna elements have the second changed
polarization, a plurality of fifth EM signals.
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